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CHAPTER I
INTRODUCTION

The design and analysis of on-off control systems can be very
laborious if the system configuration is complex. This is because no
general technique exists which would provide accurate information about
the system performance for all classes of on-off systems.

Patapoff presented a methodl* in which the performance of a class
of on-off control systems may be analyzed. Patapoff's method, called
the "rate diagram', is a plot of the output rate of a controlled
element at "control removal’ (removal of plant input) versus the rate
at "control application'" (application of plant input).

Patapoff's method used a Laplace Transformation of the error
signal. Such an approach constrains the error signal filter to be
linear. In this research the rate diagram idea is formulated by
utilizing the state variable representation. This approach removes the
constraint of the linear filter, thereby making the method applicable
to a wide class of on-off systems.

It is the purpose of this paper to apply the rate diagram
technique to some configurations of on-off control stystems. It is

hoped that the illustration of specific applications will encourage

The superscript numbers represent similarly numbered references
in the "List of References."



further study of this technique and its possible extensions to other

rlasses of on-off systems.




CHAPTER II
THE RATE DIAGRAM METHOD

Consider the block diagram of a system shown in Figure 1. The
controlled element is a second order pure inertia plant whose output
position and output rate are represented by Xy and Xy, respectively.

It is assumed that the switch has dead space such that the loop transient
always dies out before the application of control effort, A , to plant
input. Very often the dead space is deliberately introduced to avoid
erratic switching caused by random noise. The switch may also possess
hysteresis.

In a physical system there is a time delay, er, between switch-
on and the application of control effort. Similarly, a time delay, ‘T%,
exists between switch-off and cut-off of control effort. This phenomena
is represented by the "delay" block in the figure. Notice that ’Tk
and ’Tf are, in general, not equal. The "filter" block is inserted
into the system to obtain the desired switching charagteristic and to
reduce noise effect. The filter can be either linear or nonlinear.

Systemns of this type may appear as the stability subsystem or
reaction subsystem of a spacecraft command module. The pure inertia
plant may represent a spacecraft traveling outside the earth atmosphere.

The rate diagram is a plot of the system rate at control removal

(x2f) versus the rate at control application (XZi)' Since the loop

transient dies out before control application, the output rate at
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control removal can be expressed as a function of control application.
.
If output amplitude characteristics of the switch and of the controller
have odd symmetry with respect to their inputs, the rate diagram is also
symmetrical with respect to the origin. Therefore, it is sufficient to
consider only positive XKoo and determine the values of Xpe relative to
x21.

The system stability, transient response, and limit cycle behavior
can be analyzed via rate diagrams. Phase plane trajectories can readily
be constructed from the rate diagram, and vice versa. Figure 2 illustrates
how to construct the phase plane trajectory from the rate diagram. Fig.
2a represents a rate diagram of a typical system and Fig. 2b is the phacse
plane. Draw the control application line on phase plane, which is a
function of Xy and X, only. Before control application the system
output coasts at a constant rate until it reaches the control application
line at A. Starting from A the system follows a constant acceleration
trajectory until it reaches B. Point B is the point where the control
is removed from the plant input. This point is given directly from the
corresponding B point on the rate diagram. Starting from B the system
again coasts at constant rate until it reaches the controller applicatien
line on the opposite side.

The behavior of the on-off system can be studied with the aid of

the rate diagram. When the rate curve lies in the first quadrant of the

rate plane, a stepping action occurs (Fig. 3a). That is, the phase

trajectory, which alternates between free coasting and constant acceler-
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Fig. 2. Constructing phase trajectory from rate diagram.
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ation, has a step pattern on phase plane. Under this condition the
system eventually converges to a stable limit cycle. When the rate

curve lies between the x,,-axis and the line X i + x

2i 24 = 0, the system

2f

output is oscillatory but converges toward a stable limit cycle (Fig. 3b,

page 7). 1If the rate curve lies between the xzf-axis and the line

X., + x
i

9 of = 0, the system rate is divergent. And, unless the rate curve

recrosses the Xy + Xop = 0 line as Xys increases, the system would be

unstable.

For most cases, the rate curve will intersect the line: Xps +

X = 0. An intersection indicates the existance of a limit cycle,

2f

since x = =X

9 at such a point.

2i
The vector-state differential equations for the state variables

of the controlled element are:

]
+
~

1
% 0 0 X 0 -1{] A

In state-vector notation, the above equation may be rewritten:

X=AXx +Cnm 2)
where:
0 1
A= (3)
_0 0 A
and
FO 0
C = (4)
| O -1




The vector state differential equation may be solved by any of several

' 3,4,5

methods. For the case where the input of the controlled element is

of the form: \(t) = A =a constant, the solution is:

Xy (t - to) xl(to) + (t - to) xz(to) - —%—(t - to)2

= .(5)
X, (t - to) X, (to) - (t - to)

For the derivation of the rate diagram equations, consider r(t) =
0. This defines an equilibrium state: x = 0. Thus, the response from
any initial state §(to) will be defined.

From the preceding discussion, it is clearly seen that much
information is contained in a rate diagram. The advantages of the rate
diagram over phase plane methods are obvious: (1) the rate diagram
curve considers all non-zero values of initial system rate on one plot.
This would be impractical for phase plane plots. (2) The effects of
changes in the values of the system parameters are shown directly. This
can often be difficult to surmise using phase plane techniques. (3) The
rate curves of different system canfigurations can be shown on one plot
in order to compare the characteristics of the different configurations.
This would be virtually impossible to do using phase plane methods
without a resulting mesh of trajectories, thus making it difficult to

obtain meaningful information.



CHAPTER III
RATE DIAGRAM ANALYSIS OF ON-OFF SYSTEM 1
DERIVATION OF EQUATIONS

Consider the system shown in Figure 4, with an initial positive
rate and a displacement such that the error signal lies within the
deadband of the switch. By inspection of Figure 4, the error signal for
the above configuration may be written as:

€= - G1 G3 x1 - G2 X, (6)
where Gl’ G2, and G3 are constants.

The system will switch on when = - h. Denote x and x as

1s 2s
the values of x1 and x2 at the instant of switch-on, and note that x

2
will be constant prior to control application. By substituting Equation
(5) into Equation (6), X is found to be:
x = B Ez_fgi (7)
ls G1G3 G1G3

If to is the instant of switch-on, ’Tk seconds later control

will be applied to the plant. During this time interval A= 0, we

have from Equation (5)
X (g + TR = ox () + T x,(E) (8)

and

10
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If t = 0 is chosen as the time instant of control application,

then by substituting Equation (5) into (6) the error may be expressed as

E(t) = “6,GX ;= G Gy%, £ + G 6y S

- Gyx, . + G, Xt. (10)

The system will switch-off when €= -h + yh. Define £, as the interval

between the beginning of control application and switch-off. Usigthis

condition in Equation (10), t. is found to be

1
— B, + B2 - 4A.C

C - 14" 11 (11)
1 2A

1

where

N €% A
1 2
By =6, N - G Gyx,. . (12)
Cl =h - G1G3X11 - G2X2i - yh

/7% seconds after switch-off, control is removed from the plant.

Denote x1f and x2f as the values of X1 and X2 at control removal. Using

Equation (5)




. A 2
X1f K1g TRy (e TR - (e D)

L

[
[N

*2f %0 T N (8t TR
The rate diagram for this system may now be constructed by

computing and plotting values of x2f for arbitrary values of x using

2i
Equations (11), (12) and the second one of (13).

THE RATE DIAGRAMS

The nominal values of system parameters used for constructing
the diagrams are listed in Table I. Figures 5 to 11 are rate diagrams

for various system parameters.
REMARKS

The rate diagrams for System 1 show that the system is stable
for the values of system parameters considered. In addition, they
indicate that an "over-shooting'" response results from large values of
initial rate, and a "stepping'" response results from small values of
initial rate.

The limit cycle rate is affected as follows:

1. The limit cycle rate increases as G1 increases.

2. The limit cycle rate decreases as G, increases.

2

3. The limit cycle rate increases as h1 increases.

4. The limit cycle rate increases as y increases.

5, The limit cycle rate increases as )\ increases.

13
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TABLE 1

NOMINAL VALUES OF SYSTEM PARAMETERS FOR SYSTEM 1

Parameter Nominal Value Units
G1 2.0 ND
G2 1.0 Degree-sec./degree
G3 1.0 ND
h 2.0 Degrees
y 0.05 ND
N 6.0 Degrees/sec.2
jrk 0.02 Seconds
TF 0.02 Seconds
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Xoeo degrees per second

Fig. 7.

degrees per second

X, .
2i’

Rate diagram of system 1 for variations of h.
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Fig. 8. Rate Diagram of System 1 for variationsof y.
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The limit cycle rate is independent of T

The limit cycle rate increases as ‘), increases.



CHAPTER IV
RATE DIAGRAM ANALYSIS OF ON-OFF SYSTEM 2
DERIVATION OF EQUATIONS

Consider the system shown in Figure 12 with an initial positive
rate and a displacement such that the errar signal lies within the
deadband of the switch. It will be necessary to classify the magnitude

of Xy in order to determine the correct error signal mode.

G, XZiI < h

By inspection of Figure 12, the error signal mode for this

magnitude of x,, is given by:

21

€ =-G, x

) X, + G (-G5 x, + d) (14)

2
The system will switch on when € = - h

Denoting the value of Xy and X, at switch-on as xl(to) and x2(to)

respectively, the expression for xl(to) may be obtained by substituting
the above boundary condition into Equation (14) to yield:

-G, x.(t)+h +¢G.d
- 2" o 1
x,(€,) G.C : (15)

173

Control will be applied to the system 7% seconds after switch-on

occurs. Denoting the values of 3 and Xy at the beginning of control

application as X4 and Xpio and by utilizing Equation (5), the following

expressions are obtained:

23
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*11 =[x Fxp(e) Ty
(16)
*21 = XZ(to)
Determine the value of time at which Gl(-G3 X, +d) = - AT

Define this value of time as t When control is applied to the

ESAT’

system, x,, is given by the expression below.

1’

_ n 2
xl(t) =X, + XZit - > t (17)

Applying the given boundary conditionms, is found to be:

LESAT

2
“Besar ﬁV/BESAT - 4 Apcar Cgsat

t = (18)
ESAT 2 Aggar
where
_ GG ™
Apgar 2 >
Besar = 76163 *o4 (19)
Cesar = —(G163 %5 = 61 4 - egup)

/
It should be noted that the choice of sign for the radical is

determined by using the sign which results in the smallest positive
real value of tESAT' It should also be noted that if the solution has
a complex value, then clearly, the stated boundary conditions will not
be attained by the system for the given initial conditions. This
procedure will be observed in the remainder of this analysis whenever

there exists a possibility that the error signal does not saturate the

attitude quantizer.

25
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Define: 7o= G, (-G, x; + d) (20) -

Expanding the expression for f/yields:

G,Cy ¢2
)(/= “61Gy X1, - GGy x, .t + ———— + G, d . (21)

Differentiating the above expression and setting the result

equal to zero yields:

*2i
= 22
wax TR (22)
where tMAX is defined as the interval between the beginning of control
application and the instant at which the magnitude of W is a maximum.
If tMAx < tESAT’ then saturation does not occur.

Define t1 as the interval between the beginning of control

application and switch-off. At switch-off,

= -h + yh . (23)
Thus:
61632
-h + yh = -GlG3 x_li - G1G3 Xy 4 t1 + 5 t1 + G1 d
- G2 Xp4 + G2 7\t1 . (24)
Solving for t1 s
- B, + \/Bz -4 A C
1 2 A

where:




PR N

1 2 ?
B, = G2>L - 6,64 %, . (26)
C1 = - (GIG3 X135 + G2 Xoq 4+ yh -h - G1 d) J

T.. seconds after switch-off, control is removed.
If tMAX > tESAT’ saturation would occur. For this case, the
analysis is continued as follows:

Evaluate x. and x, at time t

1 2 = tESAT’ as shown below:

A 2
%y (tggar) ®11 T %5 Cgear 2 CEsaT
= . (27)

Xy (Cgsar) X1 = ™ gsat

Define t2 as the interval between tESAT and the instant when
switch-off occurs. During this interval,

= - G1 Xy = €guq - (28)

Switch-off occurs when € = - h + yh. From the above information,

t2 is found to be:

+ + yh -
.- egAT G2 XZ(tESAT) vh - h

2 G, N

(29)

To investigate the possibility that switch-off does not occur
while the filter signal is saturated, the following procedure may be

used.

Define t5 as the interval between the beginning of saturation

and the end of saturation. The following equation is now applicable:

27



- egar = G183 ¥ (tggar) - G164 x,(tpgun) tg
2
6163 N tg »
+ — + G1 d . (30}

Solving for t5,

2
55 i-\/gs " 4 A5 Gy
7 4,

= 1
te (31)
where
G G
A = 13 AN
5 2
= - 2
Bs = = 6y O3 xp(tggap) ’ (32)
Cs = [ G183 %1 (tggar) = 61 4 - egar ] ,
If the expression for tS has a negative or complex value, switch-
off would occur at the end of the t2 interval.
If t5 has a positive value, the following procedure must be used.

If t5 > t2’ the system would switch off at the end of the t2

interval. Control would be removed 7} seconds later. Thus, the total

"on'" time for application of control effort to the system is given by:

ton = tESAT + t2 + tF . (33)

X, may be evaluated at this time with respect to x,, using

2i
Eqaution (5), and the rate diagram may be constructed.
If tS < tys the filter signal would operate in the linear mode

again, and the approach would be identical to that used in Equation (%)

with Xy and Xos being replaced by the values of X, and X, at the end of

28




., of the t5 interval.

II. b +e . > |G2x2i| ~ h
In order for the switch to be off, the polarity and magnitude
of Xy must be such that the output of the attitude quantizer summed

with the rate feedback signal lies within the switching dead-band.

Consider the case of positive x From inspection of Figure 6,

2i°
page 16, the error signal mode for this magnitude of Xps is given by
€= - G2 X, + Gl( - G3 Xy - d) . (34)

The system will switch on when & = -h.

Denoting the value of Xy and X, at switch-on as xl(to) and

x2(to) respectively, the expression for xl(to) may be obtained by
substituting the above boundary condition into Equation (34) to yield:
h - G2 XZ(to) - G1 d

x. (t ) =
1o G1G3

(35)

Control will be applied to the system 7% seconds after switch-on
occurs. Denoting the values of X, and %, at the beginning of control

application as x,. and x the following expressions are obtained:

1i 2i’
*11 x(8) + X (E) - Ty
= . (36)
X, . x,(t )
Assume that the system will switch off while the error mode is
in the positive linear portion of the quantizer. In this mode, the

error signal is given by:

29
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€ = - G2 Xy + Gl(- G3 Xy - d) (37)
= - G, X + G, A\t - G,G, X - G,G, x,.t + Eli:}-2\—;t2 - G.,d
2 721 2 173 71i 173 724 2 1
(38)

The system will switch off when & = -h + yh . Define t, as

the interval between the beginning of control application and switch-

off. Substituting the above boundary conditions into Equation (38)

yields:
+
. = -BZ VB2 - sac (39)
1 2A
where: \
P b B
2
B = GyA -GGy x,, . (40)
c = -(GlG3 x;; t Gy Xos + G1 d+yh - h)

Denote X5 and Xy, as Xl(to) and XZ(to)'

Define t as the interval between tO and the instant when

dp
Gl(-G3 x) - d) = d.
G,G, X
173 2 =
G1G3 xl(to) - G1G3 xz(to) tdp + ) tdp - G1 d =4d (41)
Thus:
2
- Bp + \/Bp - QAPCP
t =
dp 2Ap (43)




where:

A =E.1_?3_>_\._
P 2
Bp = - G1G3 xz(to) . (43)
Cp = -(GlG3 xl(to) + G1 d + d)
1f t1 < tdp’ the assumption was correct. ’7} seconds later,

control is removed from the system.
However, if t1:> t

evaluate x, and x, at the time t =t , using Equation (5)

1 2 dp
2 2
%) (tgp) X157 %5 Yp T2 Cap
= . (44)
x2(tdp) ¥21 7 A tdp
Define tdn as the interval between tdp and the instant when
- G3 x1 = -d
G, 2
- G3 xl(tdp) - G3 XZ(tdp) tin + > L d (45)
Thus:
) Bn i-\/£§ -4 AnCn
tan ~ 24 (46)
n
where:
G, 2
A= T2 (47)

dp’ the assumption was incorrect. In this case,

31
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Bn = - G3 X2(tdp)

(48)

C ) - 4d)

n - (G3 X

t
1 ( dp
Assume switch-off occurs during this interval. Note that during

this interval &= - G. x (49)

2 72
"

Switch-off would occur when € = -h + yh . Define t1 as the

interval between tdp and the instant of switch-~off.

Substituting the given boundary conditions into Equation (49),

tl is found to be:

t” ) G2 x2(tdp) + yh - h ) (50)
1 G27\

If t1 < tdn’ then switch-off occurs during this interval. 1In

this event,
t = t + t (51)

where t1 is the interval between the beginning of control application

and switch-off. Control is removed from the system 7% seconds later.

"
1f t1 > tin? switch-off would not have occurred during the

interval. For this case, the analysis may be continued as follows:

Evaluate x, and X, at time 4y using Equation (5).

t I I
*1(tan) X (Egp) + xp(Eg) gy 2 tdn

(52)




Define t as the interval between t and the instant when

SATN dn
Gl(-G3 x, + d) = - AT
-e = -G.G, x,(t, ) - G,G, x,(t, ) t + 5152—2:— t2 + G.d
SAT 13 "1 dn 173 72 dn” "SATN 2 SATN 1
(53)
tSATN may be solved from the following expression:
B /2
- Bx + Bx - AAXCX
tsamn T ZA (54)
X
where:
A = E:LG_B.__K__. )
X 2
= - >
Bx G1G3 x2(tdn) . (55)
Cx T - [ 6163 %) (tgy) - 619 - eSAT] ‘

During this interval, the error signal is given by the following
expression:

€= -6, x, + Gl(—G3x +4d) . (56)

2 72 1

If switch-off occurs during this interval,

-h + yh = -G2 xz(tdn) + G2 7\t3 - G1G3 xl(tdn) - G1G3 xz(tdn)t3
G,G, A_
173 2
+ > t3 + Gld

(57)
where t3 is defined as the interval between tdn and the instant when

switch-off occurs. By solving the above equation, t3 is found to be:
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7\ /2
- B3 + B3 -4 A3 C3

3 = 2 A, (58)
where:

By = G27\ - 6,64 xz(tdn) (59)

= - [G1G3 x (6g ) + Gy x, () +yh - h G d]

Define Y = G, (-G, x; + d)

Expanding the expression for X,yields:

137\t
70—-6103 1€Eqn) = 6164 %, (€ )E + —F— +6G,d . (60)

Differentiating the above expression and setting the result equal

to zero yields:

x.(t, )
iy = %— (61)

where tMAX is defined as the interval between tdn and the instant at

which the magnitude of x is a maximum.

< t

SATN’ saturation does not occur. For this case,

= 62
tl tdp+tdn+t3 . (62)

Control would be removed from the system 7} seconds later.

If ¢ saturation would occur. The analysis may be

MAX = SSATN’

continued as follows:

E i = :
valuate X, and x, at time t toamn® @S shown below




22

%y (tgamn) x (g + %(t50) tsamy © T2 tsamn

(63)
%y (tgamn) %(C4) - A tgary

Define t4 as the interval between tSATN and the instant when

switch-off occurs. During this interval,

€

I

[}
(2]
Lol

[
1]

2 2 SAT (64)

Switch-off occurs when &= -h + yh From the above information

t4 is found to be:

_ eSAT + G2 XZ(tSATN) +yh -h
t, = S (65)

For the above case,

dp dn SATN 4 - (66)

Note that in all cases, control is removed from the system TF

seconds after switch-off. Evaluate x1f and x2f as the values of

xl(t1 + 7}) and xz(t1 +~7}) with respect to Xy and Xp -

111.‘@2 x2i!:> h +eg,r

In this mode, the system will be switched on independently of the
value of X4 This may be easily verified as follows:

Note that when the attitude quantizer is operating in the
saturation mode, the error signal is given by:

€ = - G2 X, + e

2 SAT ° (67)
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The system will be switched on when € = -h

- = o 68)
h G2 x2 + eSAT . (6R)

Define Xogar 25 the minimum positive value of Xo4 which results

in the system switching on independently of the initial value of x..

1
Thus, from Equation (68),
h + e
_ SAT
®28AT ~ G, (69)

Q.E.D.

7~R seconds after switch-on, control is applied to the system.

*14 Xl(to) + x2(to) ,Tk
= (70)
*2i xZ(to)
Define tSAT as the interval between the beginning of control

application and the instant when the attitude quantizer signal becomes
unsaturated. At this instant,

Gl(-G3 X, - d) = €SAT (71)

Thus:

e -G,G, x,, - G,G, x,. t + G,G

SAT 173 7114 173 721 "SAT 173 2 SAT 1

Therefore,

2
_ “Bsar £ VBsar - 4 Agar Cgat
t = A (73)

SAT
2 SAT

where:




Asar T G163 2
Bsar = 6163 *25 : (74)
£

Coar = ~(6163 X3 + 61 + egyp )
Evaluate Xy and X, at t = tSAT' Denote these as xlﬁtSAT) and xz(tSAT)
respectively.

If -G2 XZ(tSAT) + egAT > h + yh , the system will still be
" " 3
on". 1In this case, denote xl(tSAT) and x2(tSAT) as x,. and Xos

respectively, and follow the procedure outlined in Section II, beginning

with Equation (41), and adding tSAT to the expressions for controller
"on'" time.
If -G2 XZ(tSAT) + eSAT < h+ yh , the system has switched

off before the quantizer signal becomes unsaturated. Although this is

unlikely, this condition is investigated as follows:

€ = -G, X,y + €gAT (75)
-h + yh = —G2 Xos + Gz)\ t1 + CoAT (76)
therefore,

G, x i + yh -h - CQAT

t, = G~ . (77)

‘7% seconds later, control is removed from the system.
THE RATE DIAGRAMS

The nominal values of system parameters used for constructing the

rate diagrams are listed In Table II. Figures 13-17 are the rate

37



38

TABLE II

NOMINAL VALUES OF SYSTEM PARAMETERS FOR SYSTEM 2

Parameter Nominal Value Units
G1 2.0 ND
d 2.5 Degrees
eSAT 15.0 Degrees
G2 1.0 Degree-sec./degree
G3 1.0 ND
h 2.0 Degrees
y 0.05 ND
2
A 6.0 Degrees/sec.
7rR 0.02 Seconds
ch 0.02 Seconds
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Xogs degrees per second

SAT
eSAT— 7.5
egar™ 10.0 — e - —_——
2.0,
0.0
-2.0~
-4.0L.
-6.0-
-8.0
-10.0
1
0.0 2.0 4.0 6,0 8.0 10.0 12.0

Fig. 15.

xz,, degrees per second
1

Rate diagram of system 2 for variations of egate
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XZf’ degrees per second
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Fig.

16.

2.0 4.0 6.0 8.0 10.0

Xy degrees per second

Rate diagram of system 2 for variation of GZ'




Xpes degrees per second
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Xoso degrees per second
Fig. 17. Rate diagram of system 2 for variatiomns of G3.
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diagrams for various system parameters,

REMARKS

The rate diagrams for System 2 indicate that a "stepping" response
results from a large range of values of initial rate. This type of
response is much faster than the "over-shooting' response. This
illustrates the improvements which may be obtained using a non-linear

filter for the error signal.




CONCLUSION

The use of rate diagrams for the design and evaluation of a class
of on-off control systems has been illustrated. An important example of
this class of control systems would be an attitude control system for a
space craft operating beyond an atmosphere. For such systems, the use o:i
an ideal step function is a very good approximation to the control torque,
It should be noted however, that the rate diagram is not restricted to
systems using an ideal step function as the control action. For other
forms of control action the equations become more complicated and it may
be necessary to resort to numerical or graphical methods to solve the
equations.

A suggested topic for further research would be to investigate
possible modifications of the rate diagram concept to include other

classes of on-off control systems.
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APPENDIX 1

A PROGRAM TO DETERMINE THE TRANSIENT RESPONSE
OF ON-OFF CONTROL SYSTEM 1

THE TRANSFER FUNCTION OF THE CONTROLLED ELEMENT IS
OF THE FORM 1/S*#%2,

* * * * * *
VARIABLE DESCRIPTION
G1 FORWARD ATTITUDE GAIN
G2 RATE FEEDBACK GAIN
G3 ATTITUDE FEEDBACK GAIN
SWON CONTROLLER SWITCH-ON THRESHOLD
PUHYS PER UNIT HYSTERESIS OF SWITCH
ACCEL ANGULAR ACCELERATION LEVEL
TR TRANSPORT LAG FOR THRUST BUILD-UP
TF TRANSPORT LAG FOR THRUST DECAY
X1 ANGUL AR POSITION
X2 ANGULAR RATE
¥* %* * ¥* * *

THE FOLLOWING VALUES OF SYSTEM PARAMETERS wlILL BE
CONSIDERED NOMINAL o EACH PARAMETER WwILL BE VARIED
SEPARATELYs WHILE THE OTHERS ARE HELD CONSTANTe.

* * * ¥* ¥* ¥*
G1 = 2.0
G2 = 10
G3 = 1e0

SWON = 2.C

PUHYS = 0405

ACCEL = 640

TR = 002

TF = 002

%* »* * * ¥* *
PRINT 101

FORMAT (34H G1 WILL BE VARIED FROM (Q0e5 TO 440)
DO 1 K1 = 50+400+25

FK1 = K1

Gl = FK1/100

DO 2 IX = 2041200420

FLOATX = IX

X2IN = FLOATX/ 100

CALL SUB1 (Gls G2+ G3+ SWONse PUHYSs ACCELs TRs TF.
X1INeXIFIN'X2IN«X2FINs TEEONEs TIME)

PRINT 100¢G1+G2¢G3+SWONsPUHYSsACCEL +TReTF+X1IN,
XIFINGX2IN«X2F INsTEEONE + TIME

CONT INUVE

CONT INUE

Gl = 20
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6
5
C
C
103
30
20
10
C
C
104
70

60
50

50

PRINT 102

FORMAT (34H G2 WILL BE VARIED FROM Q¢S TO 20)

DO 5 K2 = 504200425

FK2 = K2

G2 = FK2/ 100

DO 6 IX = 2041200420

FLOATX = IX

X2IN = FLOATX/ 100

CALL SUB1 (Gls G2+ G3+« SWONs PUHYSe ACCELs TRs TFs
X1INsXIFIN«X2INX2FINs TEEONE. TIME)

PRINT 100+¢G1+G24+G3+SWONIPUHYSsACCEL s TR+ TFeX1INy
X1FINSsX2INsX2F INSsTEEONE s TIME

CONT INUE

CONTINUE

G2 = 10

* * * * * *
* * * * ¥* *
PRINT 103

FORMAT (36H SWON WILL BE VARIED FROM 160 TO S5e0)

DO 10 KSWON = 145

SWON = KSWON

DO 20 IX = 2041200420

FLOATX = 1IX

X2IN = FLOATX / 100

CALL SUB1 (Gls G2+ G3+ SWONs PUHYSs ACCELs TRe TF,
X1INXIFINsX2IN«X2FINs TEEONEs TIME)

PRINT 1004G1+G2+G3+SWONIPUHYS+ACCEL ¢ TRsTF eX1INs
XIFINsX2IN«X2F IN+s TEEONE o TIME

CONT INUE

CONT INUE

SWON = 20
* * * * * *

* * * * * *
PRINT 104

FORMAT (38H PUHYS WILL BE VARIED FROM 001 TO 0QOel)
DO 50 KPUHYS=1,10

FKPHYS=KPUHYS

PUHYS=FKPHYS/100+

DO 60 IX = 2041200420

FLOATX=1X

X2IN=FLOATX/100.

CALL SUB1 (Gls G2+ G3+ SWONs PUHYSs ACCELs TRe TFo
X1INsXIFIN'XZ2INX2FIN, TEEONEs» TIME)

PRINT 1004G1+G24G3+SWON«PUHYS+ACCEL+TRe«TFsX1 1INy
X1FINsX2INsX2F INs TEEONE o TI ME

CONT INUE

CONT INUE

PUHYS = 0405




105

300

200
150

106

700

600
500

107

35

25
15

PRINT 105

FORMAT(38H ACCEL WILL BE VARIED FROM 40 TO 1240}
DO 150 KACCEL=44+412+2

ACCEL=KACCEL

DO 200 IX = 204120020

FLOATX=1X

X2IN=FLOATX/100.

CALL SUB1 (Gls G2+ G3+¢ SWONe PUHYSe ACCELe TRe TF,
X1INeXIFINIX2INsX2FINe TEEONEs TIME)

PRINT 100¢G1+G2¢G3+¢SWONsPUHRYSsACCEL+TReTFeX1 1IN
X1IFINWX2IN«X2F IN+ TEEONE ¢ TIME

CONT INUE

CONT INUE

ACCEL = 60

* * * * * *
* * * * * *
PRINT 106

FORMAT(35H TR WILL BE VARIED FROM 0e¢0l1 TO Osel)

DO 500 KTR=1+10

FTR=KTR

TR=FTR/100e

DO 600 IX = 2041200420

FLOATX=1X

X2 IN=FLOATX/100e

CALL SUB1 (Gls G2+ G334 SWONs PUHYSes ACCELs TRe TF,
X1INGXIFINGX2INX2FINy TEEONE, TIME)

PRINT 100¢G1¢G24G3+SWONPUHYSsACCEL s TRe TF 4X1 1INy
X1FINSX2INX2FIN+sTEEONE s TIME

CONTINUE

CONT INUE

TR = 002

* * * * * *
* * * * * *
PRINT 107

FORMATI(35H TF WILL BE VARIED FROM 001 TO Oel)

DO 15 KTF=1410

FTF=KTF

TF=FTF/100e

DO 25 IX = 2041200420

FLOATX=1IX

X2IN=FLOATX/100.

CALL SUB1 (Gle G2+ G3s SWON. PUHYSs ACCELs TRas TFo
X1IN«XIFINXZ2IN«X2FINs TEEONEL TIME)

PRINT 100+4G1+G2+G3+SWONPUHYS+ACCEL+TRsTFaX1INe
X1IFINJX2IN+X2FIN+TEEONE«TIME

CONT INUE

CONTINUE

TF = 002

.51




52

C
100

-

* * * * * * .,
FORMAT(T7F11e6/7F116e6//)

END
* * * * * *

$1BFTC SuB1

-

C

@]

SENTRY

* * %* * * ¥*
SUBROUTINE SUB1 (G1+G2+G3+SWONIPUHYS«ACCEL s TR TF o
X1IN«XIFINIX2INeX2FINy TEEONE, TIME )

* * * * * *
X1IN=SWON/(G1¥G3)~ (G2%¥X2IN)/ (G1*#G3)+X2IN*TR
A=G1¥G3*¥ACCEL /240

B=G2*ACCEL~-G1*G3*X2IN
C=—(G2*¥X2IN+GI #G3%X 1 IN+PUHYS*SWON-SWON)

TEEONE IS THE INTERVAL FROM THE BEGINNING OF
CONTROL APPLICATION UNTIL SWITCH~OFF OCCURSe
TEEONE= (=B+SQFT (BX¥%¥2-4¢%A%¥C))/(2e%A)
TIME=TEEONE+TF

X1FIN=X1 IN+TIMEX¥X2 IN=-TIME*¥2%ACCEL /20

X2F IN=X2 IN-ACCEL*T IME

THE RATE DIAGRAM IS CONSTRUCTED BY PLOTTING X2FIN
VERSUS THE GIVEN VALUE OF X2INe

RETURN

END
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APPENDIX 11

A PROGRAM TO DETERMINE THE TRANSIENT RESPONSE
OF ON-OFF CONTROL SYSTEM 2

THE TRANSFER FUNCTION OF THE CONTROLLED ELEMENT IS
OF THE FORM 1/S%%2,

* ¥* ¥* * *
VARIABLE DESCRIPTION
G1 GAIN OF ATTITUDE QUANTIZER
DEE DEADBAND OF ATTITUDE QUANTIZER
ESAT SATURATION LEVEL OF QUANTIZER
G2 RATE FEEDBACK GAIN
G3 ATTITUDE FEEDBACK GAIN
SWON CONTROLLER SWITCH-ON THRESHOLD
PUHYS PER UNIT HYSTERESIS OF SwITCH
ACCEL ANGUL AR ACCELERATION LEVEL
TR1 TRANSPORT LAG FOR THRUST BUILD-UP
TF1 TRANSPORT LAG FOR THRUST DECAY
X1 ANGULAR POSITION '
X2 ANGULAR RATE

%* * * * *

THE FOLLOWING VALUES OF SYSTEM PARAMETERS wiLt BE
CONS IDERED NOMINAL.‘EACH PARAMETER WILL BE VARIED
SEPARATELYs WHILE THE OTHERS ARE HELD CONSTANTe
* 3* ¥* * *
G1=240
DEE=2e5
ESAT=15e0
G2=1e0
G3=160
SWON=2e0
PUHYS=0605
ACCEL =640
TR1=002
TF1=0602
* ¥* %* * ¥*
PRINT 101
FORMAT(34H G1 WILL BE VARIED FROM 0e5 TO 560)
OO 1 K1 = 506500450
FK1 =Kl
GI=FK1/7100.
00 2 IX = 2412042
FLOATX=1X
X2IN = FLOATX/10,
IF (G2%#X2IN-SWON)545+6
CALL SUBH1 (Gl +DEEJESAT ¢G2+G3+SWONPUHYSIACCEL s TR1 s
TF1eX1INsXZ2IN'XIFINIXZ2FINSONTIME)
GO TO 7
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6

106C

102

203

205

206
207
200

202
201

103

303

305

306
307
300

302
301

1

1

1

1

1

1

1

1

CALL SUBGH] (G14DEE+ESAT+G2+G3+SWONJPUHYSsACCEL TR s
TF1aX1INeX2INsXIFINsX2FINsONTIME)
PRINT 100Gl «DEE«ESAT1G24G3+SUWONPUHYS+ACCEL «+ TR »
TF1 e X1INsXZ2INsXIFIN«X2FINSONTIME
FORMAT (BF 11 e6/7F 116467/
CONTINUE
CONTINUE
G1=2.0
¥* * * * *
PRINT 102
FORMAT (35H DEE WILL BE VARIED FROM 0e0 TO Se0)
DO 201 KDEE = 045004100
FKDEE=KDEZ=
DEE=FKDEE/100.
DO 202 IX = 20+¢1200,20
FLOATX=1X
X2 IN=FLOATX/100
IF (G2#X2IN-SWON 20542054206
CALL SUBHI1 (Gl +DEE yESAT 162463+ SWONJPUHYSWACCEL +TR1 s
TF1eX1INeX2INsX1IFINX2FIN«ONTIME)
GO TO 207
CALL SUBGH!1 (Gl +DEE+WESAT +G21G3+SWONPUHYS+ACCEL «TR1 s
TE1eX1INeX2INsXIFINIX2FINsONTIME)
PRINT 200+G1+DEE+ESAT+G2+G3+1SWONIPUHYSACCEL +TR1 »
TF1eX1INeX2INXIFIN«XZ2FINSsONTIME
FORMAT(8F 11 e6/7F11e67/)
CONTINUE
CONTINUE
DEE=2e5
¥* * * * %*
PRINT 103
FORMAT (37 ESAT WILL BE VARIED FROM S50 TO 1540)
DO 301 KESAT=10+30+5
FESAT=KESAT
ESAT=FESAT/2e
DO 302 IX = 204120042C
FLOATX=1X
X2 IN=FLOATX/100e
IF(G2%¥X2IN-SWON)Y305+305+306
CALL SUBHI (Gl yDEE+ESAT+G2+G3+SWONJPUHYSWACCEL + TR1 »
TF1eX1INsX2INsXIFINGX2FINJONTIME)
GO T0O 307
CALL SUBGH1 (Gl +DEE+ESAT1G2+¢G3+SWONPUHYSsACCEL s TR1 s
TF1sX1TINIX2IN«XIFINGX2FIN«ONTIME)
PRINT 300 Gl +DEEWESAT+G2+G3+sSWONPUHYSACCEL+TR1 s
TF1eXIINsX2INGXIFINsX2FIN«ONTIME
FORMAT(BF 11 e6/7F11e67/)
CONT INUE
CONT INUVE




1G4

403

405

406
407
400

402
401

105

503

505

506
507
500

502
501

c

ESAT=15e0

* %* * %* * *
PRINT 104
FORMAT (34H G2 WILL BE VARIED FROM 05 TO 440)
DO 401 K2 = 5046400450
FK2=K2

G2=FK2/10Je¢

DO 402 IX = 20+1200.20

FLOATX=1X

X2IN=FLOATX/100.

IF(G2%¥X2] N-SWON)405¢4054406

CALL SUBH1 (G1+DEE+ESAT+G29+G3+SWONsPUHYSACCEL s TR1 »

1 TF1eX1IINIX2IN«XIFINGX2FIN«ONTIME)
GO TO 407
CALL SUBGH]1 (Gl +DEE+ESAT 1G2+1G3+4SWONPUHYSIACCEL +TR1 4
1 TF1eXVINGX2INeXIFINGX2FINsONTIME)
PRINT 400+ Gl +DEE+WESAT+G2+¢G3+SWONIPUHYSWACCEL +TR1 s
1 TFLeX1IINGX2INGXIFINsX2FINsONTIME
FORMAT(BF11e6/7F11e6//)
CONTINUE
CONTINUE
G2=140
* * * * * *
PRINT 105
FORMAT(34H G3 WILL BE VARIED FROM 05 TO 4.,0)
DO 501 K3 = 504400450
FK3=Kk3

G3=FK3/100.

DO 502 IX = 20+1200.20

FLOATX=1IX

X2 IN=FLOATX/100.

IF(G2%¥X2IN ~ SWON) 505¢505.506

CALL SUBHI (G1 +DEE+ESAT+G2+G3+SWONPUHYS+ACCEL +TR1 s

1 TF1eX1INeX2INGXIFINGX2FINSONTIME)

GO TO 507

CALL SUBGH]1 (Gl +DEE+ESAT +G2¢G3+SWONJPUHYS«ACCEL +TR1 s
1 TFL1eX1INGX2INIXIFIN'X2FINIsONTIME)

PRINT S00s Gl +sDEELESAT+sG2¢G3+sSWONIPUHYSIACCEL s TR1 »
1 TF1eX1INIX2INGX1IFINGX2FINJONTIME

FORMAT(BF11e6/7F11e67/)

CONTINUE

CONTINUE

G3=1.0

END

* * * * ¥* *

$IBFTC SUBH1

Cc

* * * * * *
SUBROUTINE SUBH1 (G1sDEEESAT+G2+G3+SWONPUHYS+ACCEL
19TR1+4TF1aX1INeX2INsX1FINsX2FINGONTIME)
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OO0

C

11

12

13

15

17
111

16
50
51

¥* * %* * *
X1TO WILL BE CONSIDERED AS THE VALUE OF X1 AT THE
INSTANT OF SWITCH-ONe
X1TO=(-G2*X2IN+SWON+G1¥DEE )/ (G1 #¥G3)
X1IN IS DIFINED AS THE VALUE OF X1 AT THE BEGINNING
OF CONTROL APPLICATION e
X1 IN=X1TO+X2 IN¥TR]
DEFINE T1 AS THE INTERVAL BETWEEN THE BEGINNING OF
CONTROL APPLICATION AND SWITCH-OFF o
A1=G1¥G3*ACCEL/2
B1=G2¥ACCEL-G1*G3¥X2IN
Cl1=—(G1*G3*¥X] IN+G2*¥X2 IN+PUHYS*SWON~G1¥DEE - SWON)

TI=(-Bl1+SART(B1¥%¥2-4 ¢ *¥A1¥C1 ) )/ (2e%A1)
AESAT = GLl*G3*ACCEL /2

BESAT = ~G1*G3*¥X21IN

CESAT = ~(G1#G3¥X1IN -~ ESAT ~ GI1*DEE)

RAD = BESAT¥%#2 — 4 +¥AESAT*CESAT
IF (RAD) S0s110411

TESAT = (~BESAT-SQRT(RAD))/ (2«¥AESAT)
IF (TESAT ) 124134132
TESAT = (—BESAT+SQRT(RAD) )/ (2%¥AESAT)

IF (TESAT) 5041313

TMAX = X2IN/ACCEL

IF (TMAX — TESAT) 50+50415

X1ESAT = K1 IN+X2IN*¥TESAT~TESAT*¥2¥ACCEL /2
X2ESAT = X2IN - TESAT*ACCEL

T2 = (—SWON+SWON¥PUHYS+ESAT+G2¥X2ESAT)/ (G2¥ACCEL)
IF (T2) 17416416

PRINT 111

FORMAT (35H ANALYSIS MUST BE CONTINUED FURTHER)
ONTIME = 00

GO TO 51

Tl = TESAT + T2

ONTIME =TI1+TF1
X1FIN=X1IN+X2IN*¥ONTIME-ONTIME**¥2*%¥ACCEL/2e
X2F IN=X2 IN-ACCEL ¥ONT IME
RETURN
END

* * ¥* * *

$IBFTC SUBGHI

C

o000

* 3# 3* %* *
SUBROUTINZ SUBGH1 (Gl +DEE+ESAT+G2+4G3+SWONWPUHYS
1ACCEL sTR1 o TF1 o X1 INaX2INsXI1FIN«X2F INsONTIME)

* ¥* ¥* 3 *
DEFINE X23AT AS THE MINIMUM POSITIVE VALUE OF XZ2IN
WHICH RESULTS IN THE SYSTEM BEING SWITCHED ON
INDEPENDENTLY OF THE INITIAL VALUE OF Xlae




o000 00

o0

56
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X2SAT=(SWON+ESAT)/G2
IF(X2IN=X2SAT)1lel1l42
X1TO = 060
NOTE THAT FOR THIS EXAMPLE. X1TO WAS CHOSEN
ARBITRARILY s
X1IN = X1TO 4+ X2IN*TR1
DEFINE TSAT AS THE INTERVAL BETWEEN THE BEGINNING
OF CONTROL APPLICATION AND THE INSTANT WHEN THE
ATTITUDE QUANTIZER SIGNAL BECOMES UNSATURATEDe
ASAT = G1¥G3*ACCEL/2.
BSAT ~G1¥G3*¥XZ2IN
CSAT ~(GI1*#G3%¥X1 IN+G1 *¥DEE+ESAT)
RAD = BSATH®%¥2 = 4+%ASAT*CSAT
IF (RAD) 5645757
PRINT 222
FORMAT (18H TSAT IS UNDEFINED)
ONTIME = 0460
GO TOo 51
TSAT = (-BSAT-SQRT(RAD) )/ (2«%ASAT)
IF (TSAT)58+59+59.
TSAT = (-BSAT+SQRT(RAD) )/ (2e%ASAT)
X1TSAT = X1IINX2INX¥TSAT-TSATH**2%ACCEL/2e
X2TSAT=X2IN=-ACCEL*TSAT
SWOFF=SWON-SWON*PUHYS
ERTSAT=~-G2%¥X2TSAT+ESAT
IF (ABS(ERTSAT) = SWOFF) 54+64¢6
Tl = (~SWON-ESAT+SWON¥PUHYS+G2*¥X2IN)/ (G2¥ACCEL)
T1 IS THE TIME FROM THE BEGINNING OF CONTROL
APPLICATION UNTIL SWITCH OFF e
IF (Ti1) 660460
IF (T1 = TSAT) S50450.6
X1TO = X1TSAT
X2TO = X2TSAT
GO 70O 11
X1 IN=(-G2¥X2 IN+SWON-GI1¥DEE )/ (G1*¥G3)+X2IN¥*¥TR1
X1TO=X11IN
X2TO=X2IN
TSAT=060
DEFINE TiP AS THE INTERVAL BETWEEN TO AND SWITCH-OFF e
AIP = GI1*G3*ACCEL/2e
B1P=G2¥ACCEL-G1*¥G3%X2TO
1C1p=—(Gl;GB*XlTO+GE*X2T0+Gl*DEE+SWON*pUHYS
- SWON)

[{1]

RAD = B1IP¥%2 — 44+%A1P¥C1P

TIP = (-B1P - SART(RAD) )/ (2«¥%A1P)
IF (TI1P) 76475475

TIP = (-B1P + SQRT(RAD) )/ (2¢%A1P)

27
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ADP = G1#G3%¥ACCEL/2.
BDP = — Gl*#G3¥XZ2TO
CDOP = ~(G1*G3*¥X1TO+G2%¥X2TO0+G1¥DEE+DEE)

TDP 1S DEFINED AS THE INTERVAL BETWEEN TO AND THE
INSTANT WHEN G1¥ (~-G3#X1 — DEE) = DEEe

RAD = BDP*%¥2 - 4«*%ADP*CDOP

IF (RAD) 18419419

T1 = TSAT + T1P

GO TO S50

TOP = (=BOP-SQRT(RAD) )/ (2%ADP)
IF (TDP) 20+:21.21

TOP = (~BDP + SQRT(RAD))I/ (2e*ADP)

IF (TDP) 18+21421

IF (TiP — TDP) 12412413

T1 = TSAT 4+ TI1P

GO TO 50

X1TOP=X1TO+X2TO*TDP-TDP*%2%ACCEL/2%
X2TDOP=X2TO-ACCEL ¥TDP

ADN=G3#ACTEL/2e

BDON==G3¥X2TDP

CDN=—-(G3%X1 TDP-DEE)

RAD = BDN¥*%2 = 4 ¢%ADN*CDN

DEFINE TDN AS THE INTERVAL BETWEEN TOP AND THE
INSTANT WHEN (-G3%¥X1=—-DEE)e

IF (RAD) 122423423

TIPP = (G2%¥X2TDP+SWON¥PUHYS~SWON) / (G2*ACCEL)
DEFINE T1PP AS THE INTERVAL BETWEEN TDP AND THE
INSTANT WHEN SWITCH-0FF OCCURSe

IF (TIPP) 66422422

Ti = TSAT + TDP

GO TC 5090

TDN = (—-BDN-SQRT{(RAD) )/ (2+*ADN)
IF(TDN) 24425425

TON = (—~BDN+SQRT(RAD) )/ (2«%¥ADN)

TIPP = (G2%X2TDP+SWON¥PUHYS—SWON)/ (G2¥ACCEL)

IF (TIPP) 154123123

IF (TIPP - TDN)2Z+224+15

T1 = TSAT + TDP + TIPP

GO TO 50

X1TDN=X1TOP+X2TOP*¥TON~-TDN¥*¥2*ACCEL /2 e
X2TDN=X2TDP~-ACCEL*TDN

DEFINE T3 AS THE INTERVAL BETWEEN TON AND THE
INSTANT WHEN SWITCH~OFF OCCURSe

A3=G1*G3*¥ACCEL /2

B3=G2*ACCEL~-G1*¥G3¥X2TDN

C3=—(G1*G3*X1 TON+G2%¥X2TDN+SWON¥PUHYS-SWON-G1 *DEE )
RAD = B3%¥%¥2 ~ 4¢%A3%C3

T3 = (=B3 - S5QRT(RAD))/ (2%¥A3)

IF {(T3) 23+30.30
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30

31
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34
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T3 = (-B3 + SQRT(RAD) )/ (2e*A3)
GO To 30

AN=G1*G3*ACCEL/2
BN=~G1¥G3#X2TDN
CN=—(G1¥GC3%¥X1TDN~G1 ¥DEE-ESAT)
RAD = BNX¥*2 — 4 ¢%AN¥*¥CN

IF (RAD) 31432432

Tl = TSAT + TDOP + TDN + T3

GO TO SO0

TSATN = (BN = SQRT(RAD)/(2e%*AN)
IF (TSATN) 33+34.34
TSATN = (—BN + SQRT(RAD) )Y/ (2¢%AN)

IF (TSATN) 31¢34.34

TMAX = X2TDN/ACCEL

IF (TMAX = TSATN) 3131417
X2SATN=X2TDN-ACCEL*TSATN

X1SATN = XITON+X2TDN*¥TSATN-TSATN**#¥2*¥ACCEL /2
DEFINE T4 AS THE INTERVAL BETWEEN TSATN AND THE
INSTANT OF SWITCH OFF e
T4=(ESAT+G2%¥X2SATN+SWONXPUHYS~SWON )/ (G2*¥ACCEL)

37
38

39
42

43
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46

48

AS = GI*G3*ACCEL/2e
BS = -G1*G3%X2SATN
CS5 = - (G1¥G3%¥X]1SATN-G1¥DEE-ESAT)

RAD = B5S%¥2 — 4%A5%C5
IF (RAD) 41437437

TS = (-B5-SQRT(RAD) )/ (2%A5)
IF (TS) 38+39+39
TS = (-BS+SQRT(RAD) )/ (2%A5)

IF (T4 — T5) 41441442

X1TS = X1SATN +X2SATNXTS-TS5**¥2%¥ACCEL/2e

X275 = X23ATN - Ts5*#ACCEL
A6 = GlI*G3*ACCEL /2
B6 = G2*%ACCEL - G1¥G3¥X2T5

CS = —(GI*¥G3XXI1TES+G2*¥X2TS+SWON*¥PUHYS—SWON-G1*DEE)
RAD = B6X*¥%2 — 4+%A6XCE

T6 = (—-B6-SQRT(RAD) )/ (2+%A6)

IF (T6) 43444444

T6 = (-B6+SQRT(RAD) )/ (2e¥*A6)

ATDN = GI¥G3*ACCEL/2e

BTDON = -G1*¥G3*X27T5

CTDN = ~(351%G3*¥X1T5-G1*DEE~DEE)

RAD = BTDN%x#%¥2 — 44¥%ATDNX*¥CTDN
IF (RAD) 4B+a45+45

TDN2 = (—-3TCN-SQRT (RAD) )/ (2%ATDN)

IF (TDN2) 46447447

TDN2 = (-8TCN+SQRT(RAD) )/ (2%ATDN)

47 IF (TDN2 - T6) 40.48.448
Tl = TSAT+TODP+TDN+TSATN +T5+T76
GO TO 50

59
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$ENTRY
$1BSYS

PRINT 111

FORMAT (35H ANALYSIS MUST BE CONTINUED FURTHER)

ONTIME = 0,40

GO TO 51
TI=TSAT+TOP+TDN+TSATN+T4
ONTIME =T1+TF1

X1FIN=X1IN+XZ2IN*¥ONTIME-ONTIME**¥2%¥ACCEL/2

X2F IN=X2 IN-ACCEL *ONT I ME
RETURN
END

o A
NASA-Langley, 1966 wR—Litiey




